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Background: Resveratrol has been proposed to have beneficial health effects due to its anti-inflammatory properties.
Results: Resveratrol suppressed IL-1B-induced activation of NF-«B and PI3K in a dose- and time-dependent manner.
Conclusion: Anti-inflammatory effects of resveratrol may be mediated at least in part through inhibition/deacetylation of PI3K

and NF-kB.

Significance: Activated Sirt-1 plays an essential role in anti-inflammatory effects of resveratrol.

Resveratrol, an activator of histone deacetylase Sirt-1, has
been proposed to have beneficial health effects due to its anti-
oxidant and anti-inflammatory properties. However, the mech-
anisms underlying the anti-inflammatory effects of resveratrol
and the intracellular signaling pathways involved are poorly
understood. An in vitro model of human tenocytes was used to
examine the mechanism of resveratrol action on IL-13-medi-
ated inflammatory signaling. Resveratrol suppressed IL-1f-in-
duced activation of NF-kB and PI3K in a dose- and time-depen-
dent manner. Treatment with resveratrol enhanced the
production of matrix components collagen types I and III, teno-
modulin, and tenogenic transcription factor scleraxis, whereas
it inhibited gene products involved in inflammation and apo-
ptosis. IL-1-induced NF-«B and PI3K activation was inhibited
by resveratrol or the inhibitors of PI3K (wortmannin), c-Src
(PP1), and Akt (SH-5) through inhibition of IkB kinase, IkBa
phosphorylation, and inhibition of nuclear translocation of
NEF-kB, suggesting that PI3K signaling pathway may be one of
the signaling pathways inhibited by resveratrol to abrogate
NF-kB activation. Inhibition of PI3K by wortmannin attenuated
IL-1B-induced Akt and p65 acetylation, suggesting that p65 is a
downstream component of PI3K/Akt in these responses. The
modulatory effects of resveratrol on IL-13-induced activation of
NF-kB and PI3K were found to be mediated at least in part by
the association between Sirt-1 and scleraxis and deacetylation of
NF-kB and PI3K. Overall, these results demonstrate that acti-
vated Sirt-1 plays an essential role in the anti-inflammatory
effects of resveratrol and this may be mediated at least in part
through inhibition/deacetylation of PI3K and NF-kB.

Tendon overuse injuries and tendinopathies are a growing
problem in sports medicine and in orthopedic clinics. These
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tendon conditions are accompanied by inflammation through
up-regulation of proinflammatory cytokines, COX-2, matrix
metalloproteinase (MMP)?> expression, and prostaglandin E,
(PGE,) production. This could initiate the degradation and
remodeling of tendons in response to mechanical loading (1, 2).

Many of these catabolic enzymes induced by proinflamma-
tory mediators are a result of the activation of the NF-«B tran-
scription factor pathway, which is associated with the activa-
tion of many cellular genes (3). NF-«B is normally located in the
cytoplasm in an inactive state in a complex by association with
an inhibiting IkBa subunit. In response to phosphorylation,
IkBa dissociates from the complex, and the p65 and p50 sub-
units freely translocate to the cell nucleus and bind to NF-«B
recognition sites in the promotor regions of various NF-«kB-
regulated genes (4). Several studies have shown an alternative
signaling pathway that has been described in various cell types.
Here, Src/Akt directly phosphorylates 1B kinases (IKKs) lead-
ing to the activation of NF-«B independent of mitogen-acti-
vated protein kinase kinase-1 and NF-«kB-inducing kinase (5).
Interestingly, IL-13 has been found to activate the phosphati-
dylinositol 3-kinase (PI3K)/Src/Akt pathway, potentially pro-
viding an alternative pathway to activate NF-«B and increase
phosphorylation of p300 to stimulate histone acetyltransferase
activity. PI3K/Akt belong to the family of serine/threonine pro-
tein kinases that is involved in cell proliferation and survival, as
demonstrated by the regulation of several downstream cellular
targets, such as Bad, caspase-9, glycogen synthase kinase 3
(GSK3), and NF-«B. Several reports have suggested that cyto-
kine-induced activation of the PI3K signaling pathway is asso-
ciated to NF-kB-dependent signaling pathway in different cell
types (6, 7).

For the treatment of tendon injuries or tendinitis non-steroi-
dal anti-inflammatory drugs are commonly prescribed to min-
imize inflammation and subsequent damage to tissue integrity

2 The abbreviations used are: MMP, matrix metalloproteinase; IKK, 1B kinase;
SCXA, scleraxis; MC, mitochondrial changes; Res, resveratrol.
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(8). However, the use of non-steroidal anti-inflammatory drugs
is associated with numerous side effects including inhibitory
effects on proteoglycan synthesis and cell proliferation (9).
Therefore, the search is still on for safer and more selective
pharmaco-therapies for tendinopathies.

Resveratrol, trans-3,5,4'-trihydroxy-stibene, a polyphenolic
phytoestrogen and natural phytoalexin with antifungal proper-
ties in plants, has been shown to have anti-inflammatory, free
radical scavenger capacity, anti-carcinogenic, immunomodula-
tory, and cardio-protective effects and was also found to sup-
press angiogenesis, prevent diabetes mellitus, and prolong life
span (10—12). In previous studies on tenocytes we have dem-
onstrated that another natural polyphenol, curcumin, modu-
lates IL-1B-induced NF-«B activation by suppression of the
regulatory subunit of phosphoinositide-3-kinase (PI3K/p85)
signaling pathway. Furthermore, phosphorylation of Akt, an
downstream intermediate of the PI3K pathway, was also
decreased (13). These results indicate that suppression of the
PI3K activity associated with anti-inflammation might repre-
sent a novel target mechanism for the anti-inflammatory effect
of natural polyphenols in human tissues.

The exact intracellular mechanisms of resveratrol are still
not fully understood. However, it has been shown that resvera-
trol effectively activates Sirt-1, a NAD-dependent nuclear class
III histone deacetylase (14). Sirt-1 has been linked with regulat-
ing cell differentiation, proliferation, survival, and organism
longevity (15). Several studies have associated Sirt-1 with gene
silencing, DNA repair, ribosomal DNA recombination, and
aging (16, 17). Besides lysine residues of histone proteins, it also
deacetylates lysine residues of other nuclear proteins associated
with apoptosis and inflammation, such as p53 (18) and NF-«B
subunit p65 (19), thereby regulating transcriptional activity of
target proteins. Deacetylation of NF-«B by Sirt-1 leads to
reduced DNA binding ability, increased IkBa association, or
loss of transactivation potential (20).

In this work we demonstrate that the anti-inflammatory
effects of resveratrol in tenocytes may be mediated, at least in
part, through inhibition of PI3K and NF-«B activation and the
associated kinases and that the deacetylase Sirt-1 might play a
critical role in this process.

EXPERIMENTAL PROCEDURES

Antibodies—Polyclonal anti-collagen type I, polyclonal anti-
collagen type III, polyclonal anti-decorin antibody, and alka-
line phosphatase linked sheep anti-mouse and sheep anti-
rabbit secondary antibodies for immunoblotting were
purchased from Millipore (Schwalbach, Germany). Acety-
lated lysine (Ac-Lys-103) antibody was purchased from Cell
Signaling Technology (Danvers, MA). Polyclonal anti-active
caspase-3 was obtained from R&D Systems. Monoclonal anti-
B-actin and protein A/G-Sepharose beads were purchased
from Sigma. Polyclonal anti-tenomodulin (sc-49325) and anti-
PI3K p85 antibodies were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA). Polyclonal anti-scleraxis (SCXA)
(ab58655), polyclonal anti-Sirt-1 were obtained from Abcam
PLC (Cambridge, UK). Antibodies against phosphospecific
IkBa (Ser-32/36) and against phosphospecific p65 (NF-«B)/
(Ser-536) were obtained from Cell Technology (Beverly, MA).
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Anti-IkB kinase anti-IKK-« and anti-IKK-B antibodies were
obtained from Imgenex (Hamburg, Germany). All antibodies
were used at concentrations and dilutions recommended by the
manufacturer.

Growth Media, Chemicals, and Cytokines—Growth medium
(Ham’s F-12/Dulbecco’s modified Eagle’s medium (50/50) con-
taining 10% fetal calf serum (FCS), 25 mg/ml ascorbic acid, 50
IU/ml streptomycin, 50 IU/ml penicillin, 2.5 mg/ml amphoter-
icin B, essential amino acids, and L-glutamine) was obtained
from Seromed (Munich, Germany). Trypsin/EDTA (EC
3.4.21.4) and nicotinamide were purchased from Sigma. Epon
was obtained from Plano (Marburg, Germany). Wortmannin
and PP1 were purchased from Biomol (Plymouth Meeting, PA).
SH-5 was from Calbiochem). Resveratrol with purity greater
than 98% was purchased from Sigma). A 100 mm stock solution
of resveratrol (molecular weight 228.2) was prepared in ethanol
and further diluted in cell culture medium to prepare working
concentrations. The maximum final content of ethanol in cul-
tures was less than 0.1%. This concentration was also used as a
control.

Tenocyte Isolation and Culture—Human tendon explants
(healthy finger tendon of one male middle-aged donor) were
received during tendon-rupture surgery with full informed
consent and local ethics committee approval. The peritendi-
neum was carefully removed, and tendon filaments were sepa-
rated and cut into small pieces. After 1-2 weeks of culturing in
growth medium, tenocytes continuously migrated from this
explant and adhered to Petri dishes. Tendon cells were
trypsinized, expanded in monolayers, and multiplied to gain a
sufficient number of cells (21). Tenocytes used for experiments
did not exceed passage 5.

Experimental Design—Tenocytes monolayer cultures were
washed three times with serum-starved medium (3% FCS) and
incubated for 1 h. Serum-starved human tenocytes were either
left untreated, treated with 10 ng/ml IL-1f alone for the indi-
cated time periods, or pretreated with 5 uM resveratrol for 4 h
followed by co-treatment with 10 ng/ml IL-18 and 5 um res-
veratrol for 24 h or for the indicated time periods. In a second
approach, monolayer cultured tenocytes treated as above were
transferred to high density cultures and cultured under identical
conditions with serum-starved medium for 10 days to examine the
effects of IL-183 and/or resveratrol on tenocytes differentiation
potential in a three-dimensional environment. Three-dimen-
sional high density cultures were prepared as previously
described (22). Briefly, 1 X 10° cells were pipetted onto a nitro-
cellulose filter resting on a steel net bridge. Cell culture medium
reached the filter medium interface, and the cells were nurtured
through diffusion. After 1 day, the cells in the culture aggre-
gated and formed a pellet on the filter. For investigation of
NE-kB translocation and IkBa phosphorylation, tenocyte cul-
tures were treated either with 10 ng/ml IL-1f3 or co-treated with
10 ng/ml IL-1 and resveratrol for 0, 5, 10, 20, 40, and 60 min,
and nuclear and cytoplasmic extracts were prepared. These
experiments were performed in triplicate, and the results are
provided as mean values from three independent experiments.

Pharmacological Inhibition Experiments—Tenocytes (1 X
10° cells/Petri dish) were cultivated in growth medium for 24 h.
PI3K inhibitor (wortmannin), Src inhibitor (PP1), and Akt
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inhibitor (SH-5) treatments were carried out in serum-starved
medium. Tenocytes were pretreated with serum-starved
medium containing different concentrations of resveratrol (0.1,
1,5, 10 um) for 4 h or wortmannin (10 nm), PP1 (1 uMm), or SH-5
(1 pum) for 1 h or pretreatment with resveratrol (5 um), wort-
mannin (10 nm), PP1 (1 um), or SH-5 (1 um) for 0, 5, 10, 20, 40,
and 60 min and then exposed to 10 ng/ml IL-1 for 1 h. After
these treatments, whole cell or nuclear extracts were prepared
as described below and examined for NF-«B and NF-«kB-related
gene products.

Isolation of Tenocyte Cytoplasmic and Nuclear Extracts—Isola-
tion of cytoplasmic and nuclear extracts was performed as pre-
viously described in detail (23). Briefly, tenocytes were
trypsinized and washed twice in 1 ml of ice-cold PBS. The cell
pellet was resuspended in 400 ul of hypotonic lysis buffer con-
taining protease inhibitors and incubated on ice for 15 min. 12.5
wl of 10% Nonidet P-40 were added, and the cell suspension was
vigorously mixed for 15 s. The extracts were centrifuged for 1.5
min at 14.000 X g. The supernatants (cytoplasmic extracts)
were frozen at —80 °C. 25 ul ice-cold nuclear extraction buffer
were added to the pellets and incubated for 30 min with inter-
mittent mixing. Extracts were centrifuged, and the supernatant
(nuclear extracts) was transferred to the prechilled tubes for
storage at —80 °C.

Electron Microscopy—Transmission electron microscopy
was performed as previously described (24). Briefly, tenocyte
cultures were fixed for 1 h in Karnovsky’s fixative and post-fixed
in 1% O,0, solution. After dehydration, pellets were embedded
in Epon, and ultrathin cuts were made on a Reichert-Ultracut E
and contrasted with a mixture of 2% uranyl acetate/lead citrate.
A transmission electron microscope (Zeiss, Jena, Germany) was
used to examine the cultures.

Immunoprecipitation and Immunoblotting—A  detailed
description of the technique used for the following experiments
has been previously published (23). Briefly, tenocyte monolayer
cultures were rinsed in PBS, and the proteins were extracted
with lysis buffer (50 mwm Tris/HCI (pH 7.2), 150 mm NaCl, 1%
(v/v) Triton X-100, 1 mM sodium orthovanadate, 50 mm
sodium pyrophosphate, 100 mm sodium fluoride, 0.01% (v/v)
aprotinin, pepstatin A (4 pg/ml), leupeptin (10 pg/ml), and 1
mM phenylmethylsulfonyl fluoride (PMSF) for 30 min on ice.
After adjusting the total protein concentration, samples were
separated by SDS-PAGE (5%, 7.5% or 12% gels) under reducing
conditions. For immunoprecipitation, the extracts were pre-
cleared by incubating them first with 25 ul of either normal
rabbit IgG serum or normal mouse IgG serum and Staphylococ-
cus aureus cells, then with primary antibodies diluted in wash
buffer (0.1% Tween 20, 150 mm NaCl, 50 mm Tris-HCI (pH 7.2),
1 mm CaCl,, 1 mm MgCl,, and 1 mm PMSF) for 2 h at 4 °C, and
finally with S. aureus cells for 1 h at 4 °C. Control immunopre-
cipitation experiments were performed by incubating the sam-
ples with non-immune rabbit anti-mouse IgG alone. S. aureus
cells were washed 5 times with wash buffer and once with 50
mM Tris-HCI (pH 7.2) and then boiled in SDS-PAGE sample
buffer. Separated proteins were transferred to nitrocellulose
membranes and incubated in blocking buffer (5% (w/v)
skimmed milk powder in PBS, 0.1% Tween 20) for 1 h at ambi-
ent temperature. Membranes were incubated overnight with
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the first antibody diluted in blocking buffer at 4 °C on a shaker,
washed 3 times with blocking buffer, and then incubated with
the secondary antibody conjugated with alkaline phosphatase
for 90 min at ambient temperature. Membranes were rinsed
and then washed 3 times in 0.1 m Tris (pH 9.5) containing 0.05
M MgCl, and 0.1 m NaCl. Specific antigen-antibody complexes
were rendered visible using nitro blue tetrazolium and 5-bro-
mo-4-chloro-3-indoylphosphate (p-toluidine salt; Pierce) as
the substrates for alkaline phosphatase. Total protein concen-
tration was determined according to the bicinchoninic acid sys-
tem (Pierce) using bovine serum albumin as a standard. Specific
binding was quantified by densitometry using “quantity one”
(Bio-Rad).

Immunoprecipitation of p65/PI3K and p65/PI3K Acetylation
Assay—To examine the effect of resveratrol on IL-13-induced
acetylation of p65/PI3K, serum-starved tenocytes were pre-
treated with 5 uM resveratrol for 4 h and then exposed to 10
ng/ml IL-1B for 0, 5, 10, 20, 40, or 60 min or treated with IL-13
alone for the indicated times. The cells were washed and lysed
to prepare whole cell lysates. Whole cell extracts were pre-
cleared by incubating with 25 ul of either normal rabbit IgG
serum or normal mouse IgG serum and protein A/G-Sepharose
beads. The precleared whole cell extract was incubated with
primary antibodies (anti-p65 or anti-PI3K antibodies) appro-
priately diluted in wash buffer (0.1% Tween 20, 150 mm NaCl,
50 mm Tris-HCI (pH 7.2), 1 mm CaCl,, 1 mm MgCl,, and 1 mm
PMSE) for 2 h at 4 °C and finally with protein A/G-Sepharose
beads for 1 h at 4 °C. After incubation, immunocomplexes were
washed with lysis buffer, boiled with SDS sample buffer for 5
min, resolved on SDS-PAGE, and subjected to Western blot
analysis using an anti-acetyl-lysine antibody.

Immune Complex Kinase Assay—An immune complex
kinase assay was performed as previously described in detail
(25). Briefly, to test the effect of PI3K inhibitor (wortmannin)
on IL-1B-induced IKK activation, an immune complex kinase
assay was performed. The IKK complex was immunoprecipi-
tated from whole tenocyte lysates with antibodies against
IKK-a and IKK-B and subsequently incubated with protein
A/G-agarose beads (Pierce). After 2 h of incubation, the beads
were washed with lysis buffer and resuspended in a kinase assay
solution containing 50 mm HEPES (pH 7.4), 20 mm MgCl,, 2
mw dithiothreitol, 10 um unlabeled ATP, and 2 mg of IKK sub-
strate GST-IkBa (amino acids 1-54) and incubated at 30 °C for
30 min. This was followed by boiling in SDS-PAGE sample
buffer for 5 min. Proteins were separated using SDS-PAGE
under reducing conditions as described above. Phosphoryla-
tion of GST-IkBa was assessed using a specific antibody against
phospho-specific IkBa (Ser-32/36). To demonstrate the total
amounts of IKK-a and IKK-f in each sample, whole-cell pro-
teins were separated using SDS-PAGE under reducing condi-
tions as described above. Detection of IKK-« and IKK- was
performed by immunoblotting with either anti-IKK-« or anti-
IKK- B antibodies.

Apoptotic Assay—To quantify apoptosis and cells with mito-
chondrial changes (MC), ultrathin sections of the samples were
prepared and evaluated with an electron microscope (TEM 10,
Zeiss). The number of cells exhibiting typical morphological
features of apoptotic cell death was determined by scoring 100
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cells from 20 different microscopic fields per culture, and this
was expressed as an indicator of tenocytes culture degradation.

Statistical Analysis—Numerical data are expressed as the
mean values (*S.D.) for a representative experiment per-
formed in triplicate. The means were compared using Student’s
t test assuming equal variances. Differences were considered to
be statistically significant if the p value was less than 0.05.

RESULTS

In this study we evaluated the effect of resveratrol on IL-18-
induced signal transduction in human tenocytes. The concen-
trations of resveratrol applied in our study and the time of expo-
sure had no effect on cell viability.

Resveratrol Suppresses IL-1B-induced Mitochondrial Changes
and Apoptosis in Human Tenocytes in Monolayer and High Den-
sity Cultures—To see whether resveratrol can modulate the
cytotoxic effects of IL-18 in tenocytes, primary human teno-
cytes were exposed to 10 ng/ml IL-13 alone or pretreated with
5 uM resveratrol for 4 h and then treated with 10 ng/ml IL-13
for 24, 48, and 72 h. The effect of resveratrol on IL-1B-induced
apoptosis was examined at the ultrastructural level using trans-
mission electron microscopy. Control primary human teno-
cytes (untreated cells) showed a typically flattened shape with
small cytoplasmic processes, a large mostly euchromatic
nucleus with nucleoli, and a well structured cytoplasm (Fig. 14,
a-c). Treatment of tenocytes with 10 ng/ml IL-1f3 for 24 h led
to degenerative morphological changes such as swelling of
rough endoplasmic reticulum, clustering of swollen mitochon-
dria, and degeneration of other cell organelles (Fig. 1Ad). After
longer treatment times (48 —72 h), more severe features of cel-
lular degeneration such as condensed heterochromatin in the
cell nuclei and multiple vacuoles were observed. The flattened
monolayer tenocytes became more and more rounded, lost
their microvilli-like processes, and became apoptotic (Fig. 14,
e—f). In contrast, co-treatment with IL-18 and resveratrol sig-
nificantly reduced the cytotoxic and apoptotic effects of IL-13
on the tenocytes (Fig. 14, g—i). Cells treated with resveratrol
alone (not shown) revealed a similar morphology as in control
cultures.

Quantification of cellular degeneration and apoptosis was
achieved by counting the number of cells with degenerative
morphological changes (swollen mitochondria, apoptosis) in
the samples evaluated by transmission electron microscopy
(Fig. 1B). At 72 h of IL-1p, treatment increased the number of
cells with MC and apoptotic features to 88%. In contrast, pre-
treatment with resveratrol significantly reduced the number of
cells showing signs of MC and apoptosis to 28%. This demon-
strates that resveratrol inhibits the cytotoxic and apoptotic
effects induced by IL-18 in tenocytes (Fig. 1B).

We previously reported that high density culture can pro-
mote tenocytes differentiation because it supports cell-cell
interactions (26). We, therefore, also examined whether res-
veratrol can modulate IL-1B-induced dedifferentiation of teno-
cytes in high density culture. Over a time period of 10 days, high
density cultures were stimulated with IL-13 alone (10 ng/ml) or
exposed to resveratrol (5 um) for 4 h before treatment with
IL-1. The ultrastructural morphology of the cells and the for-
mation of extracellular matrix macromolecules was evaluated
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using electron microscopy. Untreated tenocytes were viable
and exhibited fibroblast-like to oval shapes with large mostly
euchromatic nuclei, mitochondria, rough endoplasmic reticu-
lum, and a well structured extracellular matrix (Fig. 2A). Treat-
ment with IL-18 alone resulted in degenerative and apoptotic
features including formation of dense materials in the nuclei,
blebs at the cell surface, apoptotic bodies, and degeneration of
extracellular matrix structure (Fig. 2B). Stimulation of teno-
cytes with resveratrol before treatment with IL-1 resulted in
more viable cells exhibiting an oval shape, euchromatic nuclei
with prominent nucleoli, a well organized cytoplasm, and dense
and regular extracellular matrix (Fig. 2C). Taken together, mor-
phological evaluation of monolayer and high density cultures
revealed that resveratrol considerably reduced the degenerative
and cytotoxic effects induced by IL-18 in human tenocytes.
Resveratrol Inhibits IL-1B-induced NF-kB and PI3K Activa-
tion in Human Tenocytes—Tenocytes were pretreated for 4 h
with different concentrations of resveratrol (0, 0.1, 0.5, 1, 5, 10,
and 20 uM) and then stimulated with 10 ng/ml IL-1 for 30 min.
Protein extracts were prepared and assayed for activated NF-«B
subunit p65 and PI3K by Western blot analysis. As shown in
Fig. 34, IL-18 induced activation of NF-«B and PI3K 8- and
14-fold, respectively, compared with control cultures, and res-
veratrol inhibited this activation in a dose-dependent manner
with a maximum effect at 10 uMm resveratrol, which reduced
activation level to 4- and 9-fold, respectively. We next investi-
gated the effect of different incubation times with resveratrol
on NF-«kB or PI3K activation by IL-18. Tenocytes were incu-
bated with 5 uM resveratrol for different times (0, 1, 12, 24, 48,
and 72 h) and then stimulated with 10 ng/ml IL-1 for 30 min
and probed for NF-kB and PI3K. The results in Fig. 3B show
that resveratrol inhibited IL-1B-induced NF-«B and PI3K acti-
vation with increasing times of incubation. 22- and 21-fold acti-
vation of NF-kB and PI3K, respectively, by treatment with
IL-1p alone was reduced to control levels by 24 h of pretreat-
ment with resveratrol. To examine the effect of resveratrol on
NF-«B and PI3K activation at different concentrations of IL-13,
both untreated and resveratrol-pretreated cells (5 um for 4 h)
were incubated with various concentrations of IL-13 (0, 0.1, 1,
5, and 10 ng/ml) for 30 min and then assayed for NF-kB and
PI3K by Western blot analysis (Fig. 3C). Although the activa-
tion of NF-«B and PI3K by 1 ng/ml IL-18 was strong (18- and
7-fold, respectively), it was reduced to basal levels by pretreat-
ment with resveratrol and even at 5 or 10 ng/ml IL-13, NF-«B
and PI3K activation was efficiently suppressed. We also inves-
tigated the effect of resveratrol on the kinetics of IL-18-induced
NEF-kB and PI3K activation. Both untreated and resveratrol-
pretreated cells (5 um for 4 h) were incubated with IL-13 (10
ng/ml) for different times (0, 5, 10, 20, 40, and 60 min) and then
probed for NF-kB and PI3K activation. In cells not treated with
resveratrol, IL-18 activated NF-«B and PI3K in a time-depen-
dent manner with a maximum activation at 60 min (16- and
5-fold, respectively, compared with control cultures). In res-
veratrol-pretreated cells, however, the activation of NF-kB and
PI3K was almost completely inhibited in cells exposed to IL-13
for up to 10 min (Fig. 3D) and was still significantly reduced in
tenocytes treated with IL-1 for 20, 40, or 60 min. These results
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FIGURE 1. Effect of resveratrol on IL-18-induced mitochondrial changes and apoptosis in human tenocytes in monolayer cultures. A, shown is a
morphological evaluation of human tenocytes in monolayer culture by transmission electron microscopy. Tenocytes were either left untreated (a-c) or were
treated with IL-13 (10 ng/ml) for 24, 48, and 72 h (d-f) or pretreated with resveratrol (5 um) for 4 h and then stimulated with IL-13 (10 ng/ml) for 24, 48,and 72 h
(g-i). B, to quantify apoptosis and MCin these cell cultures, 100 cells from 20 microscopic fields were counted. The examination was performed in triplicate, and
the results are provided as the mean values with S.D. from three independent experiments. X5000; bar = 1um. Values were compared with the control, and

statistically significant values with p < 0.05 were designated by an asterisk ().

show that resveratrol is a very potent inhibitor of NF-«B and
PI3K activation in human tenocytes.

Resveratrol Abrogates IL-1B-induced Down-regulation of
Extracellular Matrix Components and of Tenocyte-specific
Transcription Factor SCXA in Human Tenocytes—Serum-
starved human tenocytes were cultured in monolayer for 24 h and
then treated with 10 ng/ ml IL-18 or 5 um resveratrol for 24, 48,
and 72 h or were pretreated with 5 M resveratrol for 4 h and then
co-treated with 10 ng/ ml IL-1B and resveratrol for 24,48,and 72 h
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or were left untreated. Western blotting was performed by probing
whole cell lysates with antibodies against collagen types I and III,
tenomodulin, and the tendon-specific transcription factor SCXA
(Fig. 4A). Tenocytes stimulated with IL-1[3 alone showed a signif-
icant down-regulation of synthesis of collagen types I, III, tenom-
odulin, and SCXA expression (Fig. 44). In contrast, pretreatment
of tenocytes with resveratrol followed by stimulation with IL-13
resulted in an inhibition of cytokine-induced effects on the above-
mentioned protein production (Fig. 4A4).

asEve\
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FIGURE 2. Effects of resveratrol and IL-13 on human tenocytes in high density cultures. Human tenocytes either served as a control (A) or were stimulated
with IL-18 (10 ng/ml) alone (B) or pretreated with resveratrol (5 um) for 4 h and then exposed to IL-1p (C) for 10 days in high density cultures. Morphological
evaluation was performed by transmission electron microscopy. X4000; bars, 1um.

Resveratrol Represses IL-1B-induced NF-kB-dependent Pro-
inflammatory, Matrix-degrading, and Apoptotic Gene Products
in Human Tenocytes—We examined whether resveratrol can
modulate the expression of IL-1B-induced NF-«kB-regulated
gene products involved in the inflammatory and degradative
processes in tenocytes. Primary human tenocytes with or with-
out pretreatment with resveratrol were examined for IL-13-
induced gene products by Western blot analysis using specific
antibodies (Fig. 4B). IL-18 induced the expression of Cox-2,
MMP-1, MMP-9, MMP-13, and cleavage of PARP and
caspase-3, but treatment with resveratrol inhibited the expres-
sion of the mentioned genes and cleavage of caspase-3 (Fig. 4B).

Resveratrol Inhibits IL-1B-induced Src and PI3K/Akt Activa-
tion in Tenocytes—To examine whether kinases upstream of
PI3K like c-Src and Akt were also activated by IL-18 and
whether this activation was blocked by resveratrol, cells were
treated as described above for Fig. 44, and expression of these
kinases was determined by Western blotting with antibodies
specific for PI3K, phosphorylated c-Src, and phosphorylated
Akt. Asshown in Fig. 5, IL-13 stimulated the expression of PI3K
and the phosphorylation of c-Src and Akt in tenocytes. This was
inhibited by pretreatment with resveratrol in a time-dependent
manner. Given that resveratrol similarly inhibits IL-1B-in-
duced activation of c-Src and PI3K/Akt as well as NF-«B acti-
vation, these results might suggest a link between these two
pathways in tenocytes.

Resveratrol and c-Src, PI3K, and Akt Inhibitors Block IL-1B-
induced Phosphorylation of NF-kB in Human Tenocytes—To
further examine the role of the c-Src/PI3K/Akt signaling path-
way in regulating IL-13-mediated NF-«B activation, the level of
activated NF-«B protein was analyzed using selective kinase
inhibitors. Serum-starved human tenocytes were either left
untreated or treated with 10 ng/ml IL-1 alone for 1 h or pre-
treated with resveratrol (0.1, 1, 5, 10 um) for 4 h or inhibitors of
c-Src (PP1, 1 um), PI3K (wortmannin, 10 nm), or Akt (SH-5, 1
M) for 1 h and then co-treated with 10 ng/ml IL-183 for 1 h. As
shown in Fig. 6, the activation of NF-«B in tenocytes was sig-
nificantly increased by incubation with IL-13. However, the
specific inhibitors for c-Src, PI3K, and Akt blocked IL-13-stim-
ulated NF-«B activation. In addition, IL-18-stimulated NF-«B
activation was also significantly inhibited by preincubation
with resveratrol in a concentration-dependent manner, reach-
ing a maximum effect at 5-10 um. These results further dem-
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onstrate that resveratrol plays an important role in down-reg-
ulation of the IL-1B-induced NF-«B activation in tenocytes and
that this might be mediated at least in part through inhibition of
the c-Src/PI3K/Akt signaling pathway.

Resveratrol and c-Src, PI3K, AKT Inhibitors Repress IL-18-
induced NF-kB-dependent Proinflammatory, Matrix-degrad-
ing, and Apoptotic Gene Products in Human Tenocytes—To
determine whether transactivation of c-Src and PI3K/Akt par-
ticipated in inhibition of IL-1B-induced NF-«kB-dependent
proinflammatory, matrix-degrading, and apoptotic gene prod-
ucts by resveratrol, tenocytes were treated with inhibitors of
c-Src (PP1), PI3K (wortmannin), Akt (SH-5), or different con-
centrations of resveratrol as mentioned for Fig. 6 and then stim-
ulated with IL-18 for 1 h. As shown in Fig. 7, pretreatment with
these inhibitors blocked IL-1B-stimulated MMP-1, MMP-9,
MMP-13, and Cox-2 expression and cleavage of caspase-3. In
addition, these IL-1B3-stimulated gene products were also sig-
nificantly inhibited by preincubation with resveratrol in a con-
centration-dependent manner. These results indicate that res-
veratrol might play an important role in down-regulation of the
IL-1B-induced NF-kB-dependent proinflammatory, matrix-
degrading, and apoptotic gene products in tenocytes and that
this might be mediated at least in part through inhibition of the
c-Src/PI3K/Akt signaling pathway.

Resveratrol and c-Src, PI3K, AKT Inhibitors Reduce IL-1B-in-
duced c-Src, PI3K, and Akt Activation in Human Tenocytes—
To investigate whether resveratrol inhibited the expression of
c-Src and PI3K/p85 or activation of Akt in a similar manner as
specific inhibitors of the mentioned kinases, tenocytes were
pretreated with resveratrol (0.1, 1,5, 10 um) for 4 h or inhibitors
of ¢-Src (PP1, 1 um), PI3K (wortmannin, 10 nm), or Akt (SH-5,
1 uMm) for 1 h and then co-treated with 10 ng/ml IL-13 for 1 h.
Control cultures were left untreated or treated with 10 ng/ml
IL-18 alone for 1 h as a negative control. Activation of the
kinases was determined by Western blotting with antibodies
specific for c-Src, PI3K, and phosphorylated Akt. As shown in
Fig. 8, IL-1B induced activation of c-Src, PI3K, and Akt in teno-
cytes. This was inhibited by pretreatment with inhibitors of
c-Src (PP1), PI3K (wortmannin), and Akt (SH-5) and resvera-
trolin a concentration of 5 um. Interestingly, specific inhibitors
of the single kinases (wortmannin, PP1, SH-5) down-regulated
the expression of all mentioned kinases, and resveratrol also
affected all kinases in the same manner. These results suggest
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FIGURE 3. Effects of resveratrol on IL-1p-induced NF-«B and PI3K activation in human tenocytes. Human tenocytes in monolayer cultures were pre-
treated with different concentrations of resveratrol (0, 0.1, 0.5, 1, 5, 10, and 20 um) for 4 h and then treated with 10 ng/ml IL-1 for 30 min (A) or treated with 5
uM resveratrol for different times (0, 1, 12, 24, 48, and 72 h) and then stimulated with 10 ng/ml IL-13 for 30 min (B). In a different approach, untreated cells and
cells pretreated with resveratrol (5 uM for 4 h) were exposed to various concentrations of IL-13 (0, 0.1, 1, 5, and 10 ng/ml) for 30 min (C) or were incubated with
10 ng/ml IL-1 for different times (0, 5, 10, 20, 40, and 60 min) (D). After completion of the experiments, whole cell lysates were prepared and analyzed by
Western blotting with antibodies against phosphospecific-p65 and PI3K. Housekeeping protein B-actin served as a loading control in all experiments. Densi-

tometric analyses were performed by setting control cultures as 1-fold.

that there might be a functional interaction between the kinases
of PI3K signaling pathway and that resveratrol is a potent inhib-
itor of IL-1B-induced c-Src/PI3K/Akt activation in tenocytes.
Resveratrol and c-Src, PI3K, AKT Inhibitors Reverse IL-1B-
induced Sirt-1 Inhibition in Human Tenocytes—It has been
reported that resveratrol is a potent pharmacological agonist of
sirtuin activity in different cells (14), and it is also known that
resveratrol inhibits the transcription factor NF-«kB (27). To fur-
ther determine the cellular mechanisms of resveratrol-induced
NEF-kB inhibition and the role of Sirt-1 in the c-Src/PI3K/Akt
signaling pathway, the expression of Sirt-1 protein was ana-
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lyzed using selective kinase inhibitors. Serum-starved human
tenocytes were either left untreated, treated with 5 um resvera-
trol or 10 ng/ml IL-1 alone for 1 h or pretreated with resvera-
trol (0.1, 1, 5, 10 wM) for 4 h or inhibitors of c-Src (PP1, 1 um),
PI3K (wortmannin, 10 nm) or Akt (SH-5, 1 uM) for 1 h, and then
co-treated with 10 ng/ml IL-18 for 1 h. As shown in Fig. 9, the
expression of Sirt-1 in tenocytes was significantly decreased by
incubation with IL-18. However, the specific inhibitors for
c-Src, PI3K, and Akt reversed this negative effect of IL-13 sim-
ilar to preincubation with different concentrations of resvera-
trol. At 5-10 uM resveratrol, Sirt-1 expression was comparable
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FIGURE 4. Effects of resveratrol on IL-1B-induced matrix degradation, proinflammatory and apoptotic signaling, and down-regulation of tenocyte-
specific transcription factor SCXA in human tenocytes. A, monolayer cultures of human tenocytes were either left untreated or were treated with 10 ng/ ml
IL-1B or 5 um resveratrol for 24,48, and 72 h or were pretreated with 5 um resveratrol for 4 h and then co-treated with 10 ng/ ml IL-18 and resveratrol for 24, 48,
and 72 h. Whole cell lysates were subjected to Western blotting with antibodies against collagen (Coll) types | and Ill, tenomodulin (Tnmd), and the tendon-
specific transcription factor SCXA. B, the same tenocyte cultures as in A were subsequently also probed for expression of Cox-2, MMP-1, MMP-9, MMP-13,
cleavage of PARP, and caspase-3. Housekeeping protein B-actin served as a loading control.
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FIGURE 5. Effects of resveratrol on IL-1B-induced Src and PI3K/Akt acti-
vation in human tenocytes. Serum-starved human tenocytes in monolayer
cultures were either treated with 10 ng/ mlIL-13 or 5 umresveratrol for 24,48,
and 72 h or pretreated with 5 um resveratrol for 4 h and then co-treated with
10 ng/ml IL-183 and resveratrol for 24, 48, and 72 h or were left untreated.
Whole cell lysates were prepared, and samples were examined by Western
blot analysis with antibodies against PI3K, phosphorylated c-Src, and phos-
phorylated Akt. Housekeeping protein B-actin served as a loading control.
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FIGURE 6. Effects of resveratrol and c-Src, PI3K, and Akt inhibitors on
IL-1B-induced phosphorylation of NF-«B in human tenocytes. Monolayer
cultured serum-starved human tenocytes were either left untreated or
treated with 10 ng/ml IL-1B alone for 1 h or pretreated with different concen-
trations of resveratrol (0.1, 1,5, 10 um) for 4 h or inhibitors of c-Src (PP1, 1 um),
PI3K (wortmannin (W), 10 nm), or Akt (SH-5, 1 um) for 1 h and then co-treated
with 10 ng/ml IL-18 for 1 h. Protein extracts from whole cell lysis were then
probed by Western blotting with antibodies against NF-«B subunit p65 and
phosphospecific-p65 as well as housekeeping protein B-actin.

with control levels. These results indicate that c-Src/PI3K/Akt
signaling pathway is involved at least in part in IL-1B-induced
inhibition of Sirt-1 expression during inflammation in teno-
cytes and that resveratrol effectively counteracts in this process.
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FIGURE 7. Effects of resveratrol and c-Src, PI3K, and Akt inhibitors on
IL-1B-induced NF-kB-dependent proinflammatory, matrix-degrading,
and apoptotic gene products in human tenocytes. Human tenocytes in
monolayer cultures were incubated with serum-starved medium and were
then treated with 10 ng/ml IL-113 alone for 1 h or pretreated with different
concentrations of resveratrol (0.1, 1,5, 10 um) for 4 h or inhibitors of c-Src (PP1,
1 um), PI3K (wortmannin (W), 10 nm) or Akt (SH-5, T um) for 1 h and then
co-treated with 10 ng/ml IL-1B for 1 h or were left untreated. Cells were lysed
and subjected to Western blot analysis with antibodies specific for MMP-1,
MMP-9, MMP-13, Cox-2, and cleaved caspase-3. Expression of B-actin was
examined as a loading control.

PI3K Signaling Is Involved in IL-1B-induced Activation of
NF-kB Pathway in Human Tenocytes—To examine a possible
regulatory interaction between the inhibition of the PI3K path-
way and the suppression of NF-«B activation in response to
resveratrol treatment, serum-starved human tenocytes were
either left untreated or treated with 10 ng/mlIL-18 alone for 1 h
or pre-stimulated with 5 uM resveratrol or with inhibitors of
c-Src (PP1, 1 um), PI3K (wortmannin, 10 nm), and Akt (SH-5, 1
uM) for 5, 10, 20, 40, or 60 min and then co-treated with 10
ng/mlIL-1Bfor 1 h. Nuclear and cytoplasmic cell fractions were
prepared and analyzed by Western blotting. As shown in Fig.
10, IL-13 enhanced p65 expression and phosphorylation in the
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FIGURE 8. Effects of resveratrol and c-Src, PI3K, and Akt inhibitors on
IL-1B-induced c-Src, PI3K, and Akt activation in human tenocytes. Mono-
layer cultured serum-starved human tenocytes were either left untreated or
treated with 10 ng/ml IL-1B alone for 1 h or pretreated with different concen-
trations of resveratrol (0.1, 1,5, 10 um) for 4 h or inhibitors of c-Src (PP1, T um),
PI3K (wortmannin (W), 10 nm) or Akt (SH-5, 1 um) for 1 h and then co-treated
with 10 ng/ml IL-1B for 1 h. Cell lysates were then analyzed by immunoblot-
ting using antibodies raised against c-Src, PI3K, phosphospecific-Akt, and
B-actin.
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FIGURE 9. Effects of resveratrol and c-Src, PI3K, and Akt inhibitors on
IL-1B-induced Sirt-1 inhibition in human tenocytes. Human tenocytes cul-
tured in monolayer were either left untreated, treated with 5 umresveratrol or
10 ng/ml IL-1B alone for 1 h, or pretreated with different concentrations of
resveratrol (0.1, 1, 5, 10 um) for 4 h or inhibitors of c-Src (PP1, 1 um), PI3K
(wortmannin (W), 10 nm), or Akt (SH-5, 1 um) for 1 h and then co-treated with
10 ng/ml IL-1B for 1 h. Whole cell lysates were prepared and analyzed by
Western blotting using antibodies against Sirt-1 and B-actin. Sirt-1 control
peptide (Co Pep.) was used as a control for antibody specificity.

nuclear and cytoplasmic fraction. Pretreatment with resvera-
trol substantially inhibited the transactivating activity of NF-«B
in a time-dependent manner (Fig. 10). Furthermore, the NF-«B
activation and translocation to the nucleus was also inhibited
by treatment with inhibitors of PI3K (wortmannin), c-Src
(PP1), and Akt (SH-5), suggesting that the PI3K/Src/Akt signal-
ing pathway is involved in the transactivation of NF-«B and
translocation in the nucleus.

Suppression of IL-1B-induced Activation of NF-kB-regulated
Proinflammatory and Apoptotic Gene Products by Resveratrol
Might Involve c-Src/PI3K/AKT Signaling Pathway in Human
Tenocytes—Furthermore, we wanted to examine whether the
Src/PI3K/Akt pathway might be involved in the inhibitory
effect of resveratrol on IL-1B-stimulated NF-«B-regulated gene
products involved in inflammation and apoptosis (MMP-9,
caspase-3, and Cox-2) in tenocytes. Therefore, serum-starved
human tenocytes were either left untreated or treated with 10
ng/ml IL-18 alone for 1 h or pre-stimulated with 5 um resvera-
trol or with inhibitors of c-Src (PP1, 1 um), PI3K (wortmannin,
10 nm), and Akt (SH-5, 1 um) for 5, 10, 20, 40, or 60 min and
then co-treated with 10 ng/ml IL-18 for 1 h. Cytoplasmic cell
protein fractions were prepared and analyzed by Western blot-
ting. As shown in Fig. 11, IL-183 induced the expression of
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MMP-9 and Cox-2 and the cleavage of caspase-3. This was
blocked by pretreatment with the inhibitors of PI3K (wortman-
nin), c-Src (PP1), and Akt (SH-5) in the same way as with res-
veratrol in a time-dependent manner, suggesting that there
might be a link between PI3K/Src/Akt signaling pathway and
the inhibitory effect of resveratrol on IL-13-stimulated NF-kB-
regulated gene products.

Suppression of IL-1B-induced Activation of IKK by Res-
veratrol Might Involve PI3K Signaling Pathway in Human
Tenocytes—The activated NF-«B translocates to the nucleus
after phosphorylation, ubiquitination, and proteolytic deg-
radation of IkBa (28). To further ensure that PI3K signaling
is required for IL-1B-induced activation of NF-«B, we eval-
uated the effect of resveratrol or PI3K inhibitor wortmannin
on IL-1B-induced IKK activation. Tenocytes were either
treated with IL-18 alone for 0, 5, 10, 20, 40, or 60 min or were
pretreated with resveratrol (5 um) or wortmannin (10 nm)
for 1 h and then co-treated with IL-18 for the indicated
times. The results from the immune complex kinase assay
showed that IL-18 induced the activation of IKK in a time-
dependent manner, whereas pretreatment of cells with res-
veratrol or PI3K inhibitor wortmannin followed by stimula-
tion with IL-18 blocked the cytokine-induced effects on the
activation of IKK to a similar extent (Fig. 124, I'). This might
suggest that resveratrol-mediated down-regulation of the
IL-1B-induced NF-kB activation in tenocytes could be at
least in part through inhibition of the PI3K signaling path-
way. IL-1f, resveratrol, or wortmannin had no direct effect
on the expression of IKK-a or IKK-8 proteins (Fig. 124, II
and I1I).

Suppression of IL-1B-induced Activation of Akt by Resveratrol
Might Involve PI3K Signaling Pathway in Human Tenocytes—
To gain a mechanistic insight into the mode of action of res-
veratrol in IL-1B-stimulated tenocytes, we studied the effects
of resveratrol on PI3K activation using the Akt/IKK assay. Akt
is an upstream protein kinase B to PI3K, and its activation is
mainly induced by the phosphorylation of Ser or Thr residues
(29). It has been reported that the PI3K signaling pathway is
inhibited by other phytochemicals, like curcumin, in MCF7
cells (30). To examine whether Akt phosphorylation was nec-
essary for the induction of NF-«B activation, we investigated
the effect of resveratrol or PI3K inhibitor (wortmannin) on Akt
activation. The activation of Akt was assayed using an antibody
specific for the phosphorylated form of Akt. The cells were
pretreated with resveratrol (5 um) or PI3K inhibitor wortman-
nin (10 nMm) for 1 h and then co-treated with IL-1 for 0, 5, 10,
20, 40, or 60 min or were treated with IL-1p alone for the indi-
cated times. The whole cell extracts were prepared followed by
Western blot analysis using anti-Akt or anti-phosphospecific
Akt antibodies. Fig. 12B shows that IL-13 stimulated Akt phos-
phorylation in a time-dependent manner and that pretreat-
ment with resveratrol or wortmannin significantly attenuated
this also in a time-dependent manner. These results indicate
that PI3K is involved in IL-1B-induced Akt phosphorylation in
tenocytes and that resveratrol modulates inflammatory signal-
ing at least in part through inhibition of Akt phosphorylation/
activation. Next, to test further whether resveratrol inhibits
IKK activity directly by binding IKK or indirectly by inhibition
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FIGURE 10. Effects of resveratrol and c-Src, PI3K, Akt inhibitors on IL-13-induced NF-«B p65 activation and nuclear translocation in human tenocytes.
Serum-starved human tenocytes cultured in monolayer were either left untreated or treated with 10 ng/ml IL-1p3 alone for 1 h or prestimulated with 5 um
resveratrol or with inhibitors of c-Src (PP1, 1 um), PI3K (wortmannin (W), 10 nm), and Akt (SH-5, 1 um) for 5, 10, 20, 40, or 60 min and then co-treated with 10 ng/ml
IL-1Bfor 1 h.Nuclear and cytoplasmic cell fractions were prepared and submitted to Western blot analysis using antibodies against p65, phosphospecific-p65,
and B-actin or nuclear protein poly(ADP-ribose) polymerase (PARP) as a loading control.
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FIGURE 11. Effects of resveratrol and c-Src, PI3K, and Akt inhibitors on IL-13-induced activation of NF-«kB-regulated proinflammatory and apoptotic
gene products in human tenocytes. Serum-starved human tenocytes in monolayer culture were either left untreated or treated with 10 ng/ml IL-13 alone for
1 h or prestimulated with 5 um resveratrol or with inhibitors of c-Src (PP1, 1 um), PI3K (wortmannin, 10 nm), and Akt (SH-5, 1 um) for 5, 10, 20, 40, or 60 min and
then co-treated with 10 ng/ml IL-1B for 1 h. Cytoplasmic cell fractions were prepared, and expression of MMP-9 and Cox-2 as well as cleavage of caspase-3 was
determined by Western blot analysis. Housekeeping protein 3-actin was used as a loading control.

of its activation, human tenocytes were exposed with IL-1 or
left untreated. The cell extracts from untreated cells and IL-13-
stimulated cells were incubated with anti-IKK-a antibody.
After precipitation with protein A/G-Sephadex beads, the
immunocomplexes were exposed with various concentrations
of resveratrol. As shown in Fig. 12C, the immunocomplex
kinase assay revealed that resveratrol directly suppressed the
activity of IKK (Fig. 12C, I). Resveratrol or IL-1 had no direct
effect on the expression of IKK-« or IKK- 3 (Fig. 12C, Il and I1I).

Resveratrol Suppresses IL-1[3-induced Acetylation of NF-kB
and PI3K Pathway—Acetylation of p65 is very important in
IkBa-mediated activation of NF-kB transcriptional activity
(20). Therefore, we examined if IL-18 also activates PI3K by
acetylation and if resveratrol affects IL-13-induced acetylation
of NF-kB and PI3K. Human tenocytes were treated with 10
ng/ml IL-1 alone for 0, 5, 10, 20, 40, or 60 min or were pre-
treated with 5 uMm resveratrol for 1 h and then exposed to IL-1p.
Whole cell extracts were prepared and immunoprecipitated
with anti-p65 or anti-PI3K antibody and then subjected to
Western blot analysis using anti-acetyl-lysine antibody. As
shown in Fig. 13, A and B, IL-18 induced acetylation of p65 and
PI3K in a time-dependent manner. In contrast, pretreatment of
cells with resveratrol followed by co-treatment with IL-1 sup-
pressed IL-1B-induced acetylation of p65 and PI3K (Fig. 13, A
and B), suggesting that resveratrol effectively inhibits activation
of both NF-kB and PI3K signaling pathways by modulating
acetylation.
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Interaction of Sirt-1 Protein with the Tenogenic Transcription
Factor SCXA Is Enhanced by Resveratrol or Wortmannin in
Human Tenocytes—It is known that resveratrol is a potent acti-
vator of histone-deacetylase Sirt-1 (14). To further examine if
inhibition of NF-kB and PI3K acetylation by resveratrol as
demonstrated in Fig. 13, A and B, was mediated via Sirt-1 acti-
vation and if the resveratrol stimulatory effects in the cells
involved the tenogenic transcription factor SCXA through
interaction with Sirt-1, we performed co-immunoprecipitation
studies. Additionally, we assessed the involvement of PI3K sig-
naling in this interaction. To this end, serum-starved human
tenocytes in monolayer culture (1 X 10° cells/dish) were either
treated with IL-1 (10 ng/ml) alone for 0, 5, 10, 20, 40, or 60 min
or were pretreated with 5 uM resveratrol or 10 nm wortmannin
for 1 h and then co-treated with 10 ng/ml IL-1 for 0, 5, 10, 20,
40, or 60 min. Whole cell lysates were immunoprecipitated with
anti-Sirt-1 and then immunoblotted with anti-SCXA antibod-
ies or vice versa. Interestingly, immunoprecipitates from res-
veratrol- or wortmannin-pretreated, but not from IL-18-stim-
ulated cultures, revealed co-immunoprecipitation of Sirt-1
protein with the tenogenic transcription factor SCXA (Fig. 14, 1
and II). The same immunoprecipitates were reblotted with
SCXA or Sirt-1 antibody and showed a complex formation
between Sirt-1 and SCXA (Fig. 14, /I and IV). Taken together,
these results indicate that resveratrol activates Sirt-1 and
induces Sirt-SCXA complex formation, which activates the
tenogenic differentiation pathway. Furthermore, a similar pic-
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FIGURE 12. Effects of resveratrol and PI3K inhibitor wortmannin on IL-1-induced activation of IKK and Akt in human tenocytes. Serum-starved human
tenocytes in monolayer culture were either treated with IL-13 alone for 0, 5, 10, 20, 40, or 60 min or were pretreated with resveratrol (5 um) or wortmannin (10
nm) for 1 h and then co-treated with IL-18 for 0, 5, 10, 20, 40, or 60 min. A, to determine the activation level of IKK, whole cell lysates were immunoprecipitated
with an antibody against IKK and underwentimmune complex kinase assay as described under “Experimental Procedures.” Extracts were then fractionated on
SDS-PAGE and examined by Western blot analysis using anti-IKK-a, anti-IKK-B, and anti-phosphospecific-lkBa antibodies. B, cell lysates from the same cells
were also examined for phosphorylation of Akt by immunoblotting with antibodies against Akt and phosphospecific-Akt. C, shown is the direct effect of
resveratrol treatment on IL-1B-induced |«B kinase activation. Serum-starved human tenocytes were treated with 10 ng/ml IL-18. The cell extracts were
prepared and immunoprecipitated with anti-IKK-« antibodies. The immunocomplex kinase assay was performed in the absence or presence of resveratrol at
the indicated concentrations. Data shown are representative of three independent experiments.
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FIGURE 13. Effects of resveratrol on IL-1B-induced acetylation of NF-«B
and PI3K in human tenocytes. Human tenocytes in monolayer culture were
either treated with IL-1B alonefor 0, 5, 10, 20, 40, or 60 min or were pretreated
with resveratrol (5 um) for 1 h and then co-treated with IL-18for 0, 5, 10, 20, 40,
or 60 min. After completion of the experiments, cell extracts were immuno-
precipitated (/P) with anti-p65 antibody (A) or anti-PI3K antibody (B) and then
analyzed by Western blotting (/B) using antibodies against acetyl-lysine, p65,
and PI3K.

ture was found through PI3K inhibition by wortmannin, indi-
cating that down-regulation of PI3K pathway might be part of
the mechanisms of Sirt-1 activation by resveratrol.

DISCUSSION

In this study we examined the hypothesis that resveratrol
suppresses NF-kB activation by involvement of the PI3K signal-
ing pathway. In recent years several studies have reported about
resveratrol and its multiple pharmacological activities and pos-
sible applications, including antioxidant, anti-inflammatory,
antibacterial, and antiviral activities (31) as well as the use of
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resveratrol as a cancer chemopreventive and chemotherapeutic
agent (32, 33). Furthermore, resveratrol has been implicated in
the regulation of a variety of cellular responses such as cell cycle
arrest, differentiation, and apoptosis in various cancer cell lines
(34, 35). Resveratrol is a potent activator of sirtuin activity (14)
and an inhibitor of NF-«B transcription factor (27, 32, 36).

Several lines of evidence have shown that resveratrol is a
major inhibitor of proinflammatory agent IL-1p, thereby sup-
pressing IL-1B-induced activation of NF-«B- and NF-«B-de-
pendent gene products. Indeed, several studies have shown that
IL-1B-induced cytotoxicity and caspase activation were also
down-regulated by resveratrol (23, 35, 37, 38). Recently, we
have also demonstrated that resveratrol prevented apoptosis in
human tenocytes, and this was associated to changes in the
expression of p53, Bax, and caspase-3 (51). However, the pre-
cise mechanisms regulating the inhibitory effect of resveratrol
on IL-1B-induced NF-«B transcriptional activity have not yet
been fully elucidated and understood.

Our laboratory has previously shown that another natural
polyphenol (curcumin) can block IL-1B-induced expression of
PI3K protein and phosphorylation of the PI3K upstream target
Aktin the same tenocyte, suggesting that the effects of polyphe-
nols like curcumin or resveratrol may be mediated by PI3K
signaling pathway (13). Several studies have confirmed that
PI3K might be involved in the IL-18 signaling pathway and is
most likely related to NF-«B pathway through targeting IKK
and IkB-a or phosphorylation of p65. This process is inhibited
by the PI3K-specific inhibitor wortmannin. Furthermore, it was
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FIGURE 14. Effects of resveratrol and PI3K-inhibitor wortmannin on IL-1-induced suppression of Sirt-1/SCXA interaction in human tenocytes. Serum-
starved human tenocytes in monolayer culture were either treated with IL-18 alone for 0, 5, 10, 20, 40, or 60 min or pretreated with resveratrol (5 um) or
wortmannin (10 nm) for 1 h and then co-treated with IL-13 for 0, 5, 10, 20, 40, or 60 min. Whole cell lysates were immunoprecipitated with an antibody against
Sirt-1 and then immunoblotted with an antibody against SCXA or vice versa. The same immunoprecipitates were then reblotted with SCXA or Sirt-1 antibody.

Sirt-1 control peptide (Co Pep) was used as a control for antibody specificity.

found that PI3K activates protein kinase B (Akt), one of the
main downstream kinases in cells, and that Akt regulates down-
stream kinases involved in NF-kB activation (13, 29, 39).

This and previous studies from our laboratory have shown
that resveratrol blocks the IL-13-induced apoptosis in cultured
human tenocytes by inhibiting of caspase-3 and cleavage of
PARP (23, 40). In contrast, other studies have demonstrated
that resveratrol promotes apoptotic cell death in several tumor
cell lines through the induction of activated caspase-3, accumu-
lation of p53 and p21, and cleavage of PARP (12, 38). There may
be several reasons for our different observations. These include
different cell types used and the knowledge that phytopharma-
ceuticals can act differently in different cell types. Varying
between species, cell types, and stimulants, transcription fac-
tors such as NF-kB can have different impacts such as inhibi-
tion or stimulation of apoptosis, stimulating cell proliferation,
inhibiting or stimulating inflammation and various cellular
stress responses, and many others. The most important issues
to consider are the effects of the concentration of resveratrol
and the period of time cells are exposed to resveratrol.

Several studies have shown that different proinflammatory
agents may activate NF-kB through specific mechanisms that
consist of some overlapping and some non-overlapping steps
(41). Therefore, we examined whether PI3K signaling pathway
as an alternative mechanism for NF-«kB activation by IL-18 is
involved in IL-1B-induced inflammation and apoptosis in teno-
cytes. We found that resveratrol inhibited NF-kB activation
and NF-«B-dependent gene products induced by proinflam-
matory agent IL-183 in a concentration- and dose-dependent
fashion. Furthermore, we found that resveratrol not only sup-
pressed NF-«B activation but also PI3K signaling pathway and
the associated kinase Akt in the same concentration- and dose-
dependent manner. These results indicate that activation of
NE-«B by IL-1 might be linked to the PI3K/Akt cascade lead-
ing to inflammation and apoptosis, and resveratrol inhibits this.
Indeed, several lines of evidence have shown that PI3K/Akt is
involved in IL-18-mediated signaling pathways (42, 43), and the
PI3K pathway is associated to NF-kB-dependent signaling in
different cell types (44, 45). Our results are consistent with
these studies showing that PI3K/Akt is at least in part an impor-
tant regulator for NF-«B activity in response to IL-1B-stimula-
tion in tenocytes. As shown in this study, pretreatment with
pharmacological inhibitors of c-Src (PP1), Akt (SH-5), or PI3K
(wortmannin) or with resveratrol attenuated IL-1B-induced

pCEEY S

NOVEMBER 2,2012+VOLUME 287 +NUMBER 45

NF-«B activation and NF-kB-dependent gene products. Fur-
thermore, the activation of NF-«B by IL-18 led to its transloca-
tion from the cytosol into the nucleus (Fig. 10), which was
inhibited by pretreatment with PP1, SH-5, wortmannin, and
resveratrol, suggesting that IL-1B-induced NF-«kB activity
involves, at least in part, the PI3K/Akt pathway. These results
are consistent with earlier reports that phosphorylation of Akt
may regulate NF-«B activation and translocation through tar-
geting IKKs or phosphorylation of p65 (46) and stimulate his-
tone acetyltransferase activity (35, 47). In this study IL-1B-in-
duced Akt and p65 phosphorylation was inhibited by
pretreatment with PP1, SH-5, wortmannin, and resveratrol in
human tenocytes, and activation of IKK was also inhibited by
wortmannin and resveratrol (Fig. 124). These results point out
that IL-1B-induced Akt and IKK activity might be linked, at
least in part, to the PI3K/Akt pathway.

Our laboratory and others have demonstrated that inflam-
matory cytokines and RANKL stimulated p300 acetyltrans-
ferase, and this in turn activates NF-«B (35, 43). Previously, it
was reported that phosphorylation and acetylation of NF-kB
are required for its transcriptional activity, and acetylation of
NEF-kB by p300 acetyltransferase thereby plays an essential role
in regulating NF-«B signaling (48). It was shown that acetyla-
tion of p65 at lysine 310 is regulated by prior phosphorylation of
serines 276 and 536. The phosphorylated and acetylated RelA
displays enhanced transcriptional activity (48). Resveratrol is a
potent activator of Sirt-1 deacetylase activity (14). In this con-
text our results indicate that resveratrol may suppress IL-13-
induced p65- and PI3K acetylation through inhibition of his-
tone acetyltransferase activity. We demonstrated previously
that resveratrol-stimulated Sirt-1 deacetylase promoted Sirt-1-
p300 complex formation during osteogenesis, resulting in inac-
tivation of p300 acetyltransferase and a reduction of the acety-
lation of NF-«kB-p65 (35).

We also showed that the specific tenogenic transcription fac-
tor SCXA as a marker for tenogenic activity was activated by
resveratrol. SCXA is the most specific marker of tenogenesis
(49). Therefore, we examined the effect of resveratrol on the
SCXA activity of tenocytes. In this study SCXA activation was
observed in control cells and resveratrol-pretreated primary
isolated tenocytes even after exposure to proinflammatory
cytokine IL-18. Resveratrol increased SCXA activity and stim-
ulated the proliferation and differentiation of tenocytes. It is
established that resveratrol is one of the most potent Sirt-1
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FIGURE 15. Schematic diagram showing IL-1$-induced proinflammatory
and apoptotic signaling pathways modulated by resveratrol.

activators, and many Sirt-1 substrates are transcription factors
and key regulators known to participate in embryonic
growth and in neoplasia (50). However, the relationship
between Sirt-1 activity and tenogenesis is not yet fully eluci-
dated and is still open to debate. In this study we were able to
show, for the first time, that the Sirt-1 protein expressed in
human tenocytes is stimulated by resveratrol and that it asso-
ciates with SCXA in vitro as demonstrated by co-immunopre-
cipitation experiments.

Consistent with this observation, SCXA appears to be a
direct substrate to Sirt-1 deacetylation and in this way Sirt-1
might contribute to the maintenance of tenocyte phenotype by
direct regulation of important transcription factors such as
SCXA. Itis, therefore, plausible that SCXA, similar to a growing
number of other transcription factors, is susceptible to modifi-
cation by acetylation/deacetylation.

In conclusion, this study has provided important insights
into the mechanisms through which IL-1 functions and mod-
ulates NF-kB and PI3K signaling as well as how their target
genes regulate inflammation and apoptosis in a tendinitis
model. We have further demonstrated that resveratrol can
abrogate the inflammatory effects of proinflammatory cyto-
kines, which are most likely mediated through the suppression
of PI3K and NF-«B activation (Fig. 15). Further studies will be
required to determine the full diversity of effects of resveratrol
and its potential for the prevention and treatment of inflamma-
tory diseases.
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